ABSTRACT
Introduction
conjugated linoleic acid (clA) is a generic term for a mixture of positional and geometric isomers of octadecadienoic acid with conjugated double bonds (10) . it includes a wide variety of isomers due to the double bonds could be in several possible positions such as c7 and c9, c8 and c10, c9 and c11, c10 and c12, c11 and c13 or c12 and c14, either as cis or trans isomers. Many researches proved that c9, t11-c18:2, and t10, c12-c18:2 among the above isomers have biological activity, including anticarcenogenic activity (8, 9) , antiatherogenic activity (18) , the ability to reduce the catabolic effects of immune stimulation (5) and to reduce body fat (4) .
Under such background, an increasing interest in clA has been aroused in scientific research field. CLA was found in many foods, such as milk, natural and processed cheeses, meat products and plant oil, however foodstuff originating from ruminants, especially beef and dairy products were the major dietary sources of clA (14) . Researches show that clA was synthesized as an intermediate during the bio-hydrogenation of linoleic acid by ruminant bacteria, and may be formed from the vaccenic acid (t-11C18:1) by Δ9-desaturase in the mammary gland (13) , and maybe it accounts for why the ruminants' products contain more clA than other meat stuff. clA could be also produced by microorganisms in vitro. Kepler and tove had reported that clA could be bio-synthesized by the anaerobic rumen bacterium Butyrivibrio fibrisolvens from free linoleic acid (13) . in recent years, many papers reported that many other probiotics such as Propionibacterium freudenreichii, Lactococcus Lactis, Lactobacillus salivarius, Lactobacillus acidophilus, Lactobacillus casei, Lactobacillus plantarum et al. commonly used as a dairy starter culture, could also be able to convert free linoleic acid to its conjugated form (19, 22, 23, 25, 27) . it had been found that the concentration of linoleic acid performed a negative effect on the growth of the cell and the yield of clA (15, 30) . therefore some scientists applied the whole cell as a catalyst for clA production (12, 30) . Kishino used the washed cell of Lactobacillus plantarum AKU1009a which was screened from 14 genera of lactic acid bacteria as the culture for clA fermentation. A high level of clA production that was 20 mg/ml recation mixture was obtained. it was found that the most of the produced clA was associated with the cell (15) .
linoleate isomerase is a kind of intracellular enzyme, and thus the cell membrane and the cell wall hinder the contact between the enzyme and its substrates (25) . it had been reported that permeabilization technology could overcome the drawbacks of using whole cells (12, 21, 26, 29) . organic solvents, as permeablilizing agents, could decrease the phospholipid content of yeasts by 30% (17) . Besides, freezethawing was also a method to make the cell permeable (20, 29) . After permeabilization, the membrane structures of the cells were broken and small molecules, such as substrates, products, or coenzymes, could transit easily.
in our previous study, a strain of Lactobacillus plantarum named A6-1F that had the potential of clA synthesis under optimal conditions was isolated. in this experiment the whole cell of Lactobacillus plantarum A6-1F was employed as the catalyst for production of clA. in order to enhance the activity of the cell enyzme, we applied the permeabilization technology for clA production. Several main factors including ph, temperature, cell concentration, and substrate concentration which could impact the activity of the washed-cell were also studied.
Materials and Methods

Chemicals
All standard samples including linoleic acid, conjugated linoleic acid (c9,t11 clA isomer/c10,t12 clA isomer), octadecanoic acid,9-octadecenoic were purchased from Sigma chemical co. tween-80, n-hexane and other chemicals were all of analytical grade.
Microorganisms
Lactobacillus plantarum strain A6-1F used in this study was from our laboratory of food microbiology and fermentation engineering, institute of Agro-food Scinece and technology, chinese Academy of Agricultural Sciences. the strain of A6-1F was sub-cultured o 2 -limited twice in De Manr-RogosaSharpe medium (MRS, Beijing land Bridge technology co., ltd.) at 37 o c, statically for 24 h before the experiment.
Preparation of whole cell two percent (v/v) concentrations of pre-culture were inoculated into MRS medium containing 0.75mg/ml lA and the culture was incubated statically at 37°c for 28 h. We sampled at the end of fermentation and cells were harvested by centrifugation (5000×g, 15min). then the cell pellets were washed twice with physiological saline.
Preparation of linoleic acid emulsion the equal volume of lA and tween-80 were mixed and appropriate amount of distilled water was added to make the concentration 50mg/ml. then the solutions were sonicated under supersonic and sterilized by filtration.
Preparation of permeabilized cells organic solution treatment: 5 g wet cell pellets were suspended in 45ml phosphoric acid-citric acid buffer, and treated with 2% toluene, 2% chloroform, 10% ethanol, 70% ethanol, 30% acetone, 2% toluene+10% ethanol and 2% chloroform+10% ethanol. the treated cell suspensions were shaked at 25°c and 37 o c for 5min and 15 min, and then cooled in an ice-water bath immediately. After centrifugation at 5000 r/min for 10 min at 4°c, the cell pellets were washed twice with phosphoric acidcitric acid buffer, and resuspended in the same buffer.
Freeze-thawing treatment: stationary phase Lactobacillus plantarum A6-1F cells were frozen as a pellet in liquid nitrogen, kept at -20 o c, and thawed before use by suspending them in PBS buffer.
Reaction conditions
the reaction mixture, 2ml in a test tube, comprised phosphate buffer (ph 7.0), 1.5mg/ml substrate and 15% (w/v) washed cells. the reactions were carried out at 37 o c for 2h and then the content was analyzed for clA. in order to optimize the reaction conditions, the reactions were carried out essentially under the same conditions as described above with variation of the targeted parameters.
Lipid acid extraction and analyses 500μL trichloroacetic acid was used to end the reaction, and then the mixture was centrifuged to discard the cells. lipid acid was extracted from the reaction mixture with n-hexane and then shaked before centrifugation at 6000 r/min. the upper layer was then collected and washed twice with the same volume of distilled water. the water content was removed eventually with anhydr-na 2 So 4 .
quantitative analysis method: UV spectrophotometry method was used to detect the content of clA in the reaction mixtures. the samples were scanned by UV in the range of 200nm-350nm, and the max absorbance peak of conjugated double bonds was found at the 233 nm. the absorption of the standard clA concentration was measured at the 233 nm for the preparation of clA standard curve. the prepared samples were diluted to 10ml with n-hexane, and then detected at 233nm by UV. Finally, the yield of clA was calculated according to the standard curve.
qualitative analysis method: Gc (Gas chromatography) method was used to identify the components of the product in the present research. Formation of fatty acid methyl esters (FAMes) were performed in a single step as described by Kramer et al. (16), with minor modifications. Briefly, 2mL lipid acid solution extracted from the reaction mixture by n-hexane (chromatographic pure) was transferred into a tube with screw cap and dried by the nitrogen fumes. Four ml sodium methylate (2% (w/v), naoh was disolved in methanol) was mixed with the lipid acid in the tube. the mixture was misce bene and heated in the 50 o c aqueous bath for 30 min and cooled down to room temperature. Four ml 0.5mol/l methanolic hcl was trasfered into the above tube, then the mixture was vigorously vortexed and heated at 80 o c for 60 min. After that, 6 ml n-hexane (chromatographic pure) and 1ml distilled water were added into the tube. the mixture was adjusted to neutral by using of 5% (w/v) K 2 hPo 4 solution, and the organic layer was collected and stored at -20 o c. FAMes were analysed in a Gc system (hewlett Packard HP 6890, Wilmington, USA). Injection (2 μL) was performed automatically with an inlet temperature of 250 o c and a split ratio of 50:1. helium was used as a carrier through a fused silica capillary column (cP sil 88, 100 m × 0.25mm × 0.2 µm, chrompack, Middleburg, the neverlands), and the total gas flow rate at the inlet was 2. 
Statistical analysis
All the experiments were performed at least in triplicate. the data from those replications were subjected to one-way AnoVA and Duncan's multiple range tests (SAS 8.0) and a significance level of 0.05 was used. 
Results and Discussion
Analysis of CLA by UV spectrophotometry the clA standard curve made by UV spectrophotometry was shown in Fig. 1 . In the range of 0~10μg/mL, the concentration of clA presented a nice linear relationship with its absorption at 233nm, and the regression equation was y=0.0446x-0.0006(R 2 =0.997). clA could also be detected by many other methods including gas-liquid chromatography (1), silver-ion highperformance liquid chromatography (21), gas chromatographymass spectrometry (26) and reversed-phase high-performance liquid chromatography (17) . these methods except UV spectrophotometry could separate cis/trans and trans/trans isomers of clA under the optimal conditions, so they were recognised as the excellent detection methods to analyze clA isomers. Methyl esterification is the key procedure in these methods, and if FAME (Fatty Acid Methyl Esterification) was not prepared properly, the composition of clA isomers would be negatively affected, besides some by-product of CLA would be generated during the methyl esterification. compared to these analysis methods, UV spectrophotometry has the advantages to avoid methylation and to cut down the detection cost, so it is used widely in the quantitative analysis of clA.
Washed cell permeabilization there were many advantages of using washed-cell-catalyst to carry out the biocatalytic reaction by reducing the cost of extraction and purification of enzyme. The stability and the activity of the enzyme could also be maintained by using the washed cell as the catalyst. its superiority could also be noticed in the reaction that needed the co-action of the multi-enzyme system. however, linoleate isomerase is a kind of intracellular enzyme and it is linked together with cell membranes (13) . it has been suggested that some kinds of organic solvents like toluene, chloroform, ethanol and acetone could induce permeability to the washed cells (2, 3, 24) , and freezethawing also is determined as a selective method of cell permeabilization (20) . Permeabilized yeast cells treated with some organic solvents such as surfactant digitonin, toluene, chloroform and so on presented great superiority in enzymatic reaction (6, 7, 12) . therefore, in our experiment, we introduced a permeabilizing treatment in order to cut down the shielding effect of the cell membrane and the cell wall to some extent and to improve the catalyst activity.
We adopted freeze-thawing method and the use of other seven different kinds of organic solvents to investigate their effect on permeabilization of Lactobacillus plantarum A6-1F. From Table 1 , it could be noted that permeabilizing treatment generated great infl uence on the CLA production. the cells that were treated with 2% toluene at 37 o c for 5min, 2% toluene+10% ethanol and freeze-thawing presented a superior clA production (it was approximately 20% more than the untreated fresh cell). The maximum yield (628.34μg/ ml) was produced by the cells treated with 2% toluene+10% ethanol at 37 o c for 5min. By contrast, the production of clA dropped totally, respectively when the cells were treated by 10% ethanol, 70% ethanol and 2% chloroform when compared to the fresh wet cell. There was no signifi cant increment of clA yield produced by other treated cells including 2% chloroform+10% ethanol and 30% acetone. the reason might be that the organic solvent did weaken the shielding effect of the cell membrane and the cell wall and improved the combination of enzyme and substrates, yet at the same time it had negative effect on the structures of the enzyme and the enzyme activity was lower. it could be suggested that chemical methods for cell permeabilization would either improve or decrease the activity of intracellular enzyme duo to the complex compounds of different cells.
Effect of pH on CLA production and the stability of cell enzyme A signifi cant effect of pH on the formation of CLA was shown in Fig. 2 . the range of ph was from 4.5 to 9.5 and the other conditions were as described above. the quantity of clA was increased from ph 4.5 to ph 7.0 and reached a maximum (127.5μg/ml) at pH 7.0, then decreased. The regularity of unit yield of clA formation according to the change of ph was similar to the total clA production. And the max value was 1.275 mg clA/g cells at ph 7.0. From the results it can be concluded that pH6.0~7.0 was benefi cial for the reaction and the optimal ph was 7.0. in order to investigate the impact of ph on the stability of the enzyme activity, we set a series of PBS with different ph values that were 6.0, 6.5, 7.0, 7.5, 8.0 and mixed them with washed cells for 1h-2h. the relative activity of the enzyme was calculated at ph 7.0 PBS. As shown in Fig. 3 , the relative activity of the catalyst was not affected remarkably, and was only lower with less than 5%, when ph values were between 6.5 and 7.0. however, in the range of ph 7.0 -ph 8.0, the impact of ph was obvious and the relative activity decreased signifi cantly from 1.0 to 0.67 and 0.62 after 1h and 2h of incubation, respectively. From the results it could be claimed that linoleic acid isomerase was a neutral enzyme, and similar results were also observed in other experiments. Kishino et al. determined the suitable buffer system for the clA bioconversion by Lactobacillus plantarum AKU1009a. it was the 0.1M potassium phosphate buffer, ph 6.5 (15) . Also it was reported that the optimal ph value for clA production by Butyrivibrio fi brisolvens A38 was 7.5 (14) . The cells were incubated fi rstly in different pH PBS for 1h (♦) and 2h (□), respectively, and then analysed the activity in the ph 7.0 buffer Effect of reaction temperature on the activity and the stability of the cell enzyme the reaction temperature was deemed as a main factor that would make a noted effect on the structure of the enzyme. therefore the optimal reaction temperature of clA conversion was analyzed. Fig. 4 showed the total yield and unit amount of clA in the mixtures under different temperature from 30 to 50 o c. in the interval 35-37 o c, the production of clA reached its maximal level of 178-179mg/ml; and the unit production also reached the max value (1.197mg/g cell). As the temperature was over 45 o c, the activity of the enzyme decreased signifi cantly.
to investigate the stability of cell enzyme in relation to the temperature, the relative activity of the enzyme was detected when the cells was treated at Effect of the cell concentration and substrate concentration on CLA production it was noted that the production of clA in the mixtures was infl uenced signifi cantly by the cell concentration and substrate concentration. From Fig. 6 it can be seen that the increment of the cell concentration led to a raise in the clA yield that reached a maximum value of 195μg/ml when the cell concentration was 25%. Only 94.1 μg/ml CLA was produced in the mixtures when the cell concentration was 10% (w/v). the analysis of variance showed that the change of the clA formation was not signifi cant when the cell concentration was between 15% and 35% (P>0.05). Kim noted that lA isomerase did not recycle like a normal enzyme to catalyze more substrate, and the clA production was highly cell density dependent (14) . Fig. 6 also showed the effect of cell concentration on the unit production of the CLA, which could also refl ect the activity of enzyme. the unit production of the clA was sharply decreased due to the increment of the cell concentration. the maximum value was 1.33 mg clA/g cell with the 5% (w/v) cell concentration, and when the 15% (w/v) cell concentration was reached, the unit yield of clA was 1.1 mg clA/g cells. Based on an overall consideration of the total yield and the unit production of clA, it was determined that the optimal cell concentration was 15% (w/v). lA concentration was a main factor that could impact the conversion rate of clA. thus, this factor was also taken into consideration in the experiments. the reaction condition was under the same conditions as described above except that the substrate concentration was set from 0.5 mg/ml to 12.5 mg/ml. As shown in Fig. 7 , maximum yield of clA was achieved in the mixture with 2mg/ml linoleic acid and reached 275.7μg/ml, and then the amounts of CLA started to decrease when more substrate was added but the effect was not obvious. the reason for this might be that the high level of lA concentration could change the structure of the enzyme, and reduce the contact areas between enzyme and substrate. the rate of the formation of clA reached 17% when the substrate concentration was 1.5 mg/ml, at which the total yield of clA was 260.1 μg/ml (it did not decrease signifi cantly from 275.7 μg/ml, P>0.05). Therefore 1.5mg/mL LA was chosen as the optimal substrate concentration.
Analysis of the component of the product
As shown at Fig. 8a the five standard samples were separated properly by the Gc system, and their retention time was following the next order: octadecanoic acid (27.33 min), 9-octadecenoic acid (29.53 min), linoleic acid (33.87 min), c9,t11 clA isomer (39.57 min), and t9,c11clA isomer (41.23 min). a.
b.
c. . 8a, in Fig. 8b it could be noticed that only linoleic acid existed in the pre-reaction mixture which appeared at 33.87 min. After the reaction , three new peaks were detected (Fig. 8c) . there were 2 peaks at around 40 min and 1 peak at approximately 42.47 min. compared with Fig.  8a , it can be identified that the c9,t11 CLA isomer (39.57 min), and t9,c11 clA isomer (41.23 min) were produced after the reaction, and a new unknown element was produced. Kishino et al. belived that clA was converted from linoleic acid with 10-hydroxy-12-octadecenoic acid (HY), a hydroxylated octadecenoic acid (18:1) as a possible intermediate step under microaerobic reaction conditions (15) . These results confirmed the conclusions from our present research. the main clA isomer produced by the cell was c9,t11 clA that had been proved by many researches to posses physiological activity.
Conclusions
this paper discussed the permeabilizing treatment of the cell, and the main factors that could impact the bioconversion rate of clA from lA. it was found that the total yield of clA (275.7μg/mL) was limited even if the reaction was under optimal conditions. therefore, further study will be needed to obtain a high clA yield strain by using mutation breeding technology and other new linoleate isomerase-catalyzed reaction systems such as supercritical carbon dioxide system, which would also be of further interest.
